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Abstract
We point out that the standard chromomagnetic penguin dipole
operator has a counterpart corresponding to off-shell momenta for ex-
ternal quarks. By employing the chiral quark model, we show that
this new dipole penguin operator has the same bosonisation as the
standard Q6 operator. Accordingly, this new operator enlarges by
∼ 5 % the referent Q6 contribution, which gives the dominant con-
tribution to the CP-violating ratio ε′/ε and also gives an important
contribution to the ∆I = 1/2 amplitude.
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1 Introduction
The physics of the K → 2π decay within the Standard Model has been a
great challenge. First, the ∆I = 1/2 rule is only vaguely understood, and
similarly, the CP-violating quantity ε′/ε has been very difficult to estimate
because of the inherent hadronic uncertainties. In electroweak decays of K-
mesons one constructs an effective Lagrangian at the quark level. Thereby
one uses the equations of motion. In QED it is known that the main part of
the Lamb shift disappears if the equation of motion is used for the electron
self-energy, warning us that it is a bound state, nonperturbative effect. What
about the Lamb shift like effects in the QCD context of hadronic decays?
An early study by two of us [1, 2] was undertaken in order to account for
the off-shell effects in K-meson decays. In particular, in ref. [1] we considered
only the CP-conserving K → 2π amplitude, and the CP-violating off-shell
part has been assigned to “the waiting list of pieces to be included in the re-
evaluation of ε′/ε ”. At roughly the same time Bertolini et al. [3] included in
such a reevaluation the chromomagnetic Q11 penguin dipole contribution to
ε′/ε, and in the present Letter we find as appropriate to consider its off-shell
counterpart.
From the very beginning there has been a close relation between the
gluonic penguin operators and the attempts to predict the direct CP-violation
parameter ε′/ε of the K → 2π amplitude. At first, the gluonic penguin had
pointed to a possibility of a sizable (direct) CP-violating K → 2π amplitude.
However, there had been a turning point with the large value of the t-quark
mass, that led to a substantial cancellation between the dominant (gluonic
Q6, and electroweak Q8) penguin contributions. That called for investigation
of other possible contributions, including the off-shell contribution at hand.
For a brief history of progress on evaluating ε′/ε and a more complete
list of references on evaluation of ε′/ε we refer to the review in ref. [4], and
for later work to ref. [5]. These references show the way in which ε′/ε is
structured over the contributions from the operators belonging to, by now,
standard operator basis [6]. The relatively large value for ε′/ε obtained by
the Trieste-Oslo collaboration [7] turned out to be a successful prediction
for the outcome of the subsequent Fermilab [8] and CERN [9] measurements,
that together with previous results from NA31 [10] and E731 [11] experiments
reported the world average
ε′/ε = (16.7± 1.6) · 10−4. (1)
Basically, the prediction by the Trieste-Oslo group resides in the use of the
chiral quark model (χQM) [12, 13, 14] which enabled to account for unavoid-
able nonperturbative QCD effects. Despite being a model approach, such
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a treatment has some unique features: Besides weakening the destructive
interference between the matrix elements of Q6 and Q8 operators (which we
explicate in the next section), it enables the evaluation of the matrix elements
for all the relevant operators within a single framework. Let us stress that
in the chiral quark model we could evaluate the mentioned off-shell effects
in K-meson decays [1, 2, 15] and to account for the off-shell, off-diagonal
self energy contribution to the CP-violating ratio ε′/ε [16]. We believe that
the off-shell chromomagnetic effect, calculated in this Letter, presents an
interesting new piece in illuminating the K → ππ puzzle.
2 Effective Lagrangian for ∆S = 1 Decays
The amplitudes for K → 2π are described by an effective weak Lagrangian
at quark level [6, 17]
LW =
∑
i
Ci(µ) Qi(µ) , (2)
where all information on the short distance (SD) loop effects above a renor-
malisation scale µ is contained in Wilson coefficients Ci. These depend on
the masses of the W,Z-bosons, the heavy quark masses (mq > µ), ΛQCD
and on the renormalisation scheme. The Qi’s are quark operators, typically
containing products of two quark currents.
The standard basis (for µ < mc, relevant to kaon decays) includes ten
4-quark operators. We display the four most important for the ∆I = 1/2
rule (Q1,2,6) and ε
′/ε (Q6,8):
Q1 = 4 (sLγ
µdL) (uLγµuL) , Q6 = −8
∑
q (sLqR) (qRdL) ,
Q2 = 4 (sLγ
µuL) (uLγµdL) , Q8 = −12
∑
q eˆq (sLqR) (qRdL) , (3)
where eˆq are the quark charges (eˆu = 2/3, eˆd = eˆs = −1/3), and qL,R are the
left- and right-handed projections of the quark fields.
Some studies also include the standard chromomagnetic dipole operator
[3, 4, 6, 18] that can be written as
Q11 =
gs
8π2
d
[
msR +md L
]
σ ·G s + h.c. , (4)
where σ · G ≡ σµν Gaµνta, Gaµν is the gluon field tensor, ta are the SU(3) gen-
erators normalised as Tr (tatb) = δab/2, and (L,R) = (1 ∓ γ5)/2. However,
we should stress that the operator for s→ d+ gluon(s) transition generated
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by loop diagrams [1, 19] is not Q11 in eq. (4), but is given by
L(s→ dG) = B ǫµνλρGaµν (d¯L ta i
↔
Dλ γρsL)
→ − 1
2
B d¯L[iγ ·Dσ ·G+ σ ·G iγ ·D] sL . (5)
Here the second line is obtained by using simple algebra of Dirac matrices,
and the coefficient B ∼ gsGFλKM depends on the loop integration. It is
convenient to rewrite (5) as a sum of an off-shell term LG and the chromo-
magnetic moment term Lσ [1] :
L(s→ dG) = LG + Lσ ;
LG = CG QG ; Lσ = C11 Q11 , (6)
where we have introduced a counterpart of the standard dipole operator in
eq. (4) :
QG =
gs
8π2
d
[
(iγ ·D −md) σ ·GL + σ ·GR(iγ ·D −ms)
]
s + h.c. . (7)
This operator vanishes by the QCD equation of motion for perturbatively
interacting quark fields. The coefficients CG and C11 above, being equal at
the W -scale, evolve differently down to the scale ∼ 1 GeV, where hadronic
matrix elements are evaluated. Therefore, in the next section we consider
SD QCD corrections to the Wilson coefficient CG, that to our knowledge are
not given in the literature.
In order to keep and calculate the contributions from QG, one needs a
framework to incorporate the effects of off-shell quarks at low energies, or
equivalently, a framework where the operator QG cannot be rotated away.
An important point of this Letter is that the operator QG, to leading order,
has the same bosonisation as theQ6 operator. This fact will enable us a direct
comparison of the off-shell contribution coming from the operator QG, and
the leading CP-violating and CP-conserving contributions stemming from
Q6.
The Lagrangian (6) is just a part of the more complete effective weak
Lagrangian at quark level relevant to K-decays
LW = L4q + Lσ + LG + LRsd , (8)
where the additional terms are L4q corresponding to standard four quark
operators (3) and LRsd, the renormalised off-diagonal self-energy [1, 19]
LRsd = −A d¯(iγ ·D −md)(iγ ·DR +MRR +MLL)(iγ ·D −ms)s . (9)
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The most important part of this last term for ε′/ε, the so-called self-penguin,
was critically examined in ref. [20] and was shown to have a considerable
off-shell contribution in χQM framework of ref. [16].
In the standard SD procedure [6, 17], LG and LRds in LW , eq. (8), would
be absent when applying the equation of motion at quark level. Instead, a
more appropriate procedure should be to transform these terms away by a
field redefinition, introducing new quark fields
d′ = d+Bσ ·GLs− 1
2
A(iγ ·DR+MRR +MLL)(iγ ·D −ms)s ,
s′ = s+B∗σ ·GLd− 1
2
A∗(iγ ·DR +MRL+MLR)(iγ ·D −ms)d . (10)
Then the parts LG and LRds involving the covariant derivatives are apparently
removed, absorbed in the Dirac Lagrangian Lf(q) for q = (u, d, s) [1]:
Lf(q) + LG + LRds = Lf (q′) , (11)
where Lf(q′) is given later in eq. (24), with q replaced by q′. In a strict
SD treatment, primed and unprimed quark fields are equivalent. This means
that LG (and similarly LRds) does not contribute to s → d transitions for
on-shell external quarks. In section 4 we will show how the effects of the
mentioned off-shell operators reappear when low-energy strong interactions
are taken into account in terms of the χQM.
3 The Wilson coefficient CG
It is convenient to distinguish the CP-conserving and CP-violating parts of
the Wilson coefficients for the ∆S = 1 quark operators in (2). At some scale
µ they can be written as
Ci(µ) = −GF√
2
[
λu zi(µ)− λt yi(µ)
]
, (12)
where GF is the Fermi coupling, the functions zi(µ) and yi(µ) are the CP-
conserving and CP-violating parts of the coefficients, respectively, and λq =
Vqd V
∗
qs (for q = u, t) are the CKM factors. The numerical values of zi and
yi are in the range of order one down to 10
−4, and can be found in the
literature [6] for operators up to Q11. In what follows we calculate the corre-
sponding values for the operator QG, restricted to the truncated basis given
by Q± = (Q2 ± Q1)/2 and QG operators. Thereby we denote by a± the
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Wilson coefficients of the 4-quark operators Q± with diagonal anomalous
dimension matrix. In the logarithmic approximation, for µ ≤ mc they are
a±(µ
2) =
[
αs(m
2
c)
αs(µ2)
] d±
b(3)
[
αs(m
2
b)
αs(m2c)
] d±
b(4)
[
αs(M
2
W )
αs(m
2
b)
] d±
b(5)
, (13)
where d+ = +2 and d− = −4 are the anomalous dimensions and b(Nf ) =
11Nc/3− 2Nf/3, where Nf is the number of active flavours. The coefficient
a± in the equation above, will become either the function z(µ) for the CP
conserving part, or the function y(µ) for the CP violating part. For these
cases, the values of µ will be µ ≃ 1 GeV or µ = mc, respectively.
The anomalous dimension matrix for the truncated basis of the three
operators Q± and Qn has, for n = 6, 11, G the form:
γ =
 d+ 0 X+0 d− X−
0 0 Yn
 . (14)
where
X± =
{
11Nc
18
− 29
18Nc
± 3
2
for n = 11, G
1
6
for n = 6
(15)
Yn =

−6
(
N2c−1
2Nc
)
+
Nf
3
for n=6
−2Nc − 4Nc for n=11
0 for n=G
(16)
One should note thatQG, being an operator that vanishes by the perturbative
QCD equation of motion, has zero anomalous dimension, YG = 0, in contrast
to Q6 and Q11.
For handling the leading QCD corrections, there is a suitable prescription
introduced in Refs. [21, 22] and applied by others [23, 24, 25, 26]. Using this
prescription, one can write the amplitude as an integral over virtual quark
loop momenta. The QCD-corrected coefficients zG and yG can be expressed
in the integral form, which for CP-conserving case reads
zG =
∫ m2c
µ2
dp2
p2
(
αs(p
2)
4π
)[
X+ a+(p
2) +X− a−(p
2)
]
/2 . (17)
For the CP-violating case we have
yG = (F
c
2 − F t2) +
∫ M2
W
m2c
dp2
p2
(
αs(p
2)
4π
)[
X+ a+(p
2) +X− a−(p
2)
]
/2 , (18)
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Q6 Q11 QG
z(µ = 1GeV) -0.009 -0.033 -0.035
y(µ = mc) -0.083 -0.318 -0.407
Table 1: Wilson coefficients of relevant operators obtained by leading order
renormalisation group evolution from scale µ = MW , with flavour number
thresholds at mb = 4.4 GeV and mc = 1.3 GeV, using αs(MZ) = 0.117.
where F i2 ≡ F2(m2i /M2W ) are well-known Inami-Lim functions [27]. Similarly,
repeating the standard renormalisation group procedure of ref. [6, 28], gives
for the Wilson coefficient of QG, for the CP-conserving case,
zG(µ) =
X+
d+
(
ηdˆ+ − 1
)
a+(mc) +
X−
d−
(
ηdˆ− − 1
)
a−(mc) , (19)
where η = αs(mc)/αs(µ), and dˆ± ≡ d±/b(3). For the coefficient relevant for
CP violation one obtains
yG(µ = mc) = (F
c
2 − F t2) +
X+
d+
(a+(mc)− 1) + X−
d−
(a−(mc)− 1) . (20)
These expressions lead us to values for Wilson coefficient of QG displayed in
Table 1. In this Table we also give our values for coefficients of Q6 and Q11
that conform to those given in [6].
4 Bosonisation in the Chiral Quark Model
For light pseudoscalar mesons there is a well defined effective theory, chi-
ral perturbation theory (χPT ), having the basic symmetries of QCD. One
can try to match χPT to the weak Lagrangian at quark level, eq. (2), by
bosonizing the quark operators Qi:
Qi →
∑
j
Fij Lˆj , (21)
where the Lˆj’s are chiral Lagrangian terms having the symmetry of Qi, and
Fij are quantities to be calculated with non-perturbative methods (including
quark models). Knowing the bosonization in (21), we could calculate the
various K-decay amplitudes from a ∆S = 1 chiral Lagrangian
LW (χPT ) =
∑
j
Gj Lˆj ; Gj =
∑
i
Ci Fij . (22)
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The idea of such an approach is that the coefficients should be calculated
(and matched) at the border of the SD and LD regimes. Thereby the factor-
ized form of the coefficients Gj in eq. (22) explicates the separation of SD
contributions sitting in the Ci’s, and LD contributions residing in the Fij ’s.
In order to bosonise our relevant operators we employ the chiral quark
model (χQM), that has been advocated by many authors [12, 13, 14] as an
effective low-energy QCD. In this model, chiral-symmetry breaking is taken
into account by adding a term to ordinary QCD:
LQCD → LQCDχ = LQCD + Lχ , (23)
where LQCD in addition to the pure gluonic part contains the fermionic part
Lf(q) = q¯(iγ ·D −Mq)q ; q =
 ud
s
 . (24)
Here Mq = diag (mu, md, ms) is the current quark mass-matrix, whereas a
non-perturbative term in (23),
Lχ = −m(qLΣ† qR + qR Σ qL) , (25)
contains the parameter m that is interpreted as the constituent quark mass
(∼ 200−250 MeV). Note that the constituent and current masses are tied to
different terms in the Lagrangian, with different transformation properties.
Here q is the SU(3) flavour triplet quark field, and Σ contains the Goldstone-
octet fields πa:
Σ = exp(i
∑
a
λaπa/fpi) , (26)
where λa are the Gell-Mann matrices. The term Lχ contains meson-quark
couplings. This means that the quarks can be integrated out and the co-
efficients of the various terms in the chiral Lagrangian are calculable from
LQCDχ in eq. (23).
Our procedure based on the equations (23, 24, 25) has to be understood
in the following way: At scales above the cut-off Λχ, the total Lagrangian is
the sum of the standard LQCD and the weak effective Lagrangian LW in eq.
(8), given in terms of the physical u, d, s-fields. Then at scales below Λχ, the
term Lχ in eq. (25) is turned on, so that the matrix elements of LW between
mesonic states can be calculated owing to the meson-quark couplings.
The model has a “rotated” picture, where the term Lχ in (25) is trans-
formed into a pure mass term −mχχ for flavour rotated “constituent quark”
fields χL,R :
qL → χL = ξqL and qR → χR = ξ†qR , (27)
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where ξ · ξ = Σ. The meson–quark couplings in this rotated picture arise
from the kinetic (Dirac) part of the constituent quark Lagrangian. These
interactions can be described in terms of vector and axial vector fields coupled
to constituent quark fields χ = χR + χL. The sum of Lf in (24) and Lχ in
(25) are transformed into the equivalent form
LχQM = χ
[
γµ(iDµ + Vµ + γ5Aµ)−m
]
χ− χM˜qχ , (28)
where
Vµ = 1
2
[
ξ†(i∂µξ) + ξ (i∂µ ξ
†)
]
, Aµ = 1
2
[
ξ†(i∂µξ) − ξ (i∂µ ξ†)
]
, (29)
and the current quark masses are residing in
M˜q = M˜q
V
+ M˜q
A
γ5 , with M˜q
V (A)
=
1
2
(ξ†Mqξ† ± ξM†qξ) . (30)
Now, having quarks that are exposed to strong interactions, and are de-
scribed by the chiral quark model at hand, we have to use the inverse of the
transformation of eq. (10) into eq. (25). In this way the apparently removed
terms are effectively reappearing as a new term in Lχ :
Lχ(q) = Lχ(q′) + ∆Lχ(q′) +O(G2F ) , (31)
where the new term ∆Lχ(q′) ∼ GF introduces new vertices which compensate
for those in LG and LRds. When the fields q′ are integrated out, the result for
a physical amplitude at mesonic level will be the same as if LG and LRds were
applied without the field redefinition.
In general, each term in LW which contains at least one power of (iγ ·D−
mq) may be removed by a transformation like (10). However, for each term
which is removed from LW , there will be a corresponding term appearing in
Lχ. For the dipole operator QG, we obtain a contribution proportional to
the constituent mass m
∆Lχ(q′)G = CG
8π2
m
(
q′L λ− σ ·GΣ q′R + q′RΣ†σ ·Gλ†− q′L
)
, (32)
where λ− = (λ6 − i λ7)/2 is the combination of Gell-Mann matrices which
transforms an s-quark into a d-quark. Employing the flavour rotation from
eq. (27) we obtain the simple expression
∆Lχ(q′)G = CG
8π2
mχ′ F(−)σ ·Gχ′ + h.c. , (33)
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where
F(−) = ξ λ−ξ
† . (34)
The expression (33) is ideal for bosonisation in terms of quark loops, whereas
the analogous term for the self-energy still contains two derivatives, and can
be calculated in a different way, as done in ref [16].
Using (28), the strong chiral Lagrangian O(p2) can be understood as two
axial currents Aµ attached to a quark loop, leading to
L(2)s ∼ Tr
[
AµAµ
]
. (35)
Using the relations
2iAµ = − ξ†(DµΣ)ξ† = ξ(DµΣ†)ξ , (36)
one obtains the leading strong chiral Lagrangian
L(2)s =
f 2
4
Tr
(
DµΣ†DµΣ
)
, (37)
where Dµ is the covariant derivative. Note that Aµ is invariant under local
chiral transformations [12, 13], in agreement with the invariance of L(2)s .
In contrast, the vector field Vµ transforms as a gauge field. Attaching in
addition to two Aµ’s also the mass term structures in (30), we will obtain
the well-known L5 term which enters the matrix element of Q6.
In addition to the Q6 operator, the referent object to which we com-
pare our new off-shell dipole penguin is the chromomagnetic dipole operator
eq. (4). It can be written in a chiral SU(3) invariant form, as a first step in
its bosonisation procedure:
Q11 =
gs
8π2
[
qR Mqλ− σ ·GqL + qL σ ·G λ−M†q qR
]
, (38)
where q = (u, d, s). Note that this operator transforms as (8L, 1R) under
the chiral SU(3)L × SU(3)R symmetry if the current quark matrix is taken
to transform as Mq → VRMqV †L , where VR and VL are the chiral SU(3)
transformation matrices.
In the next step, we write Q11 in the flavour rotated picture:
Q11 =
gs
8π2
χ
[
F V(−) + F
A
(−) γ5
]
σ ·G χ , (39)
where F V,A(−) =
(
FR(−) ± FL(−)
)
/2 are expressed in terms of
FL(−) = ξ
†Mqλ−ξ† , and FR(−) = ξ λ−M†q ξ . (40)
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Figure 1: Bosonisation of the operators Q11 and QG, where shaded squares
represent appropriate insertions from eqs. (39) and (33), respectively
This operator is understood in terms of a quark loop. Let us first stress
that its lowest-order contribution is Tr (F V(−)), which is cancelled according
to the FKW theorem [29]. To the NLO, we obtain a term corresponding to
an interaction of F V(−) and two axial fields attached to a quark loop, shown
in Fig. 1:
L(4)(Q11) ∼ Tr
[
F V(−)AµAµ
]
. (41)
Note that FA(−) is not contributing, because there must be an even number
of γ5’s in the quark loop. Using (36) and (40), we find that L(4)(Q11) can be
written in the final bosonised form
L(4)(Q11) = G(4)8 (Q11) Tr
[(
Σ†Mqλ− + λ−M†qΣ
)
DµΣ†DµΣ
]
. (42)
The coefficient G
(4)
8 (Q11) was calculated in [18] to be ∼ 〈αspi G2〉C11/(8π2),
where the two-gluon condensate is a model dependent quantity in our ap-
proach. Finally, one can deduce [18] the K → 2π amplitude from the chiral
structure of L(4)(Q11):
A(K0 → π+π−;Q11) =
√
2
f 3
(ms −md)m2pi G(4)8 (Q11) . (43)
Even though the coefficient in L(4)(Q11) is large, the Q11 contribution to
K → 2π is small because of the factor m2pi (in place of m2K obtained for Q6).
Therefore, the modest role played by Q11 in ε
′/ε is due to this kinematical
suppression rather than due to being NLO in the chiral expansion.
The bosonisation of Q6 follows basically the same line as for Q11 above.
The standard expression for Q6 obtained by Fierz transformation and dis-
played in (3) can be rewritten in the rotated picture as
Q6 = − 8 (F(−))αβ (χL)α(χR)δ(χR)δ(χL)β , (44)
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where F(−) = ξ λ−ξ
†, and Greek letters represent the flavour indices. Thus,
likewise to L(4)(Q11), the chiral representation of Q6 to leading order can be
written as
L(2)(Q6) ∼ Tr
[
F(−)AµAµ
]
. (45)
By means of eq. (36) this can be written in the same form as other familiar
∆S = 1 octet operators O(p2) [30]
L(2)(Q6) = G(2)8 (Q6) Tr
(
λ−D
µΣ†DµΣ
)
. (46)
This term gives rise to the K → 2π amplitude
A(K0 → π+π−; Q6) =
√
2
f 3
[
m2K −m2pi
]
G
(2)
8 (Q6) . (47)
The relevant coefficient in this expression has been calculated [4] to be
G
(2)
8 (Q6) = −16C6
L5
f 2pi
|〈q¯q〉|2 , (48)
where L5 ≃ 1.4×10−3 is the coefficient of the O(p4) chiral strong Lagrangian
mentioned at the beginning of this section [4, 7, 18].
Finally, as indicated in eq. (33), the bosonisation of the operator QG
proceeds by inserting the expression (33) as the shaded squares in Fig. 1.
The corresponding loop evaluation gives
G8(QG) = −CG
8π2
1
24
〈αs
π
G2〉 . (49)
For the gluon condensate in (49) we take the value 〈αs
pi
GG〉1/4 = 310 MeV,
in agreement, within uncertainties, with the lattice results and values used
in refs. [7, 4, 31].
Both expressions (48) and (49) are concrete examples of the general sep-
aration of SD and LD effects, contained in the factorized form of the Gj ’s in
eq. (22) for our procedure of bosonisation. By performing the steps above,
we have all ingredients that are necessary to estimate the new contribution
of our dipole penguin operator QG on the same footing as the previously
calculated contributions.
5 Results and Discussion
In the present Letter we are investigating a new dipole penguin operator
that is the off-shell partner of the standard chromomagnetic penguin dipole
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operator Q11. Namely, in addition to the chromomagnetic penguin dipole op-
erator (4) phrased [6] as the mass insertions on external quark lines, there is,
as explained in eqs. (5) and (6), an additional dipole operator QG displayed
in eq. (7) corresponding to off-shell momenta for external quarks confined
in hadrons. Such Lamb-shift like effects in strong interactions are in another
context very recently discussed in ref. [32].
The new dipole penguin operator QG studied here has several attractive
features. We have shown that it has the same bosonisation as the standard
Q6 operator. Accordingly, QG dominates over Q11 which is higher order
in chiral expansion. Indeed, the bosonised form L(4)(Q11) results in the
suppressed K → 2π amplitude A(K0 → π+π−;Q11) presented in eq. (43).
Thereby, the bosonised form L(2)(Q6) leads to the referentK → 2π amplitude
A(K0 → π+π−; Q6) in eq. (47), and the two operators, QG and Q6, differ
only in their respective coefficients, G8(QG) in eq. (49) and G
(2)
8 (Q6) in eq.
(48).
The ratio between QG and Q6 contributions can now be read from the LD
hadronic factors and the SD Wilson coefficients contained in the coefficients
G8(QG) and G
(2)
8 (Q6) :
ρ ≡ A(K
0 → π+π−; QG)
A(K0 → π+π−; Q6) =
CG
C6
h , (50)
where the hadronic factor h denotes the ratio of the respective LD pieces,
h =
f 2pi 〈αspi G2〉
24 · 8π2 · 16L5 |〈q¯q〉|2 . (51)
By substituting the numerical values, including 〈αs
pi
GG〉1/4 = 310 MeV and
L5 ≃ 1.4× 10−3, we obtain the hadronic factor h ≃ 0.011.
Finally, by employing the appropriate Wilson coefficients for the operators
QG and Q6 given in Table 1, we obtain for the CP-violating and the CP-
conserving parts of the ratio in eq. (50):
ρCP-violating =
yG
y6
h ≃ 0.05 , (52)
ρCP-conserving =
zG
z6
h ≃ 0.04 . (53)
This represents ∼ 5 % of the referent Q6 contribution, to which it adds
both in CP-violating and CP-conserving parts. In particular, there is a net
coherent contribution from the CP-violating off-shell amplitudes, the one
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from the new dipole operator considered here, and the previously calculated
off-shell self energy contribution of ∼ 15 % to ε′/ε in [16]. In conclusion,
within the chiral quark model approach, we obtain in total an increase of
∼ 20 % with respect to the leading Q6 contribution to the CP-violating
ratio ε′/ε from off-shell operators. This result is still within the uncertainty
of the theoretical value of Trieste-Oslo group, and although slightly higher
than the world average (1), it is closer to the new preliminary KTeV result
ε′/ε = (19.2± 1.1± 1.8) · 10−4 [33].
Note added
After the first submission of this Letter we noticed another Letter [32] ad-
dressing the effects of Lamb shift type in QCD. We also became aware of the
new KTeV result based on doubling of the statistics and an improved control
of systematics [33].
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